Background {#s0001}
==========

Prostate cancer is one of the most common cancers, and its incidence is still increasing in many countries. Early diagnosis and treatment of early prostate cancer is one of the most challenging and hot topics.[@cit0001] To increase the detection accuracy of early-stage prostate cancer, there have been many reports about early effective biomarkers and the management of prostate cancer.[@cit0002] Currently, serum PSA-based screening for prostate cancer is the most common tool in the clinic. Although the PSA level is considered to be the most useful biomarker correlated with prostate cancer risk, aggressiveness and outcome, it still has limitations, including sensitivity and specificity.[@cit0003] Moreover, PSA testing is often associated with over diagnosis. Thus, interest is growing in developing additional biomarkers that have the potential to minimize over diagnosis and can serve as alternative biomarkers, such as microRNAs (miRNAs).

miRNAs are 22-nucleotide-long, noncoding RNAs that regulate several cellular processes at the posttranscriptional level.[@cit0004] Compelling evidence demonstrates that miRNAs are widely altered in prostate cancer, suggesting that miRNA dysfunction is deeply involved in tumorigenesis, especially in cell proliferation and metastasis. Several studies have indicated that miRNAs are associated with stage, grade, biochemical recurrence and metastasis in prostate cancer.[@cit0005] Among these, many miRNAs have been commonly reported to be up-regulated in prostate cancer, including miR-106a, miR-17-5p, miR-375 and miR-93.[@cit0006] These miRNAs are invariably identified as oncogenes that promote cell proliferation, migration, invasion and drug resistance. On the other hand, several miRNAs are commonly reported to be down-regulated in prostate cancer, including miR-125, miR-130a and miR-221.[@cit0007] These miRNAs may contribute to suppressing the initiation and progression of prostate cancer and can serve as potential diagnostic and prognostic biomarkers, as well as treatment targets.

Very recently, Pashaei E conducted a meta-analysis of 6 miRNA expression datasets to identify a panel of down-regulated miRNAs in recurrent prostate cancer samples in comparison to non-recurrent prostate cancer samples. Among these miRNAs, miR-137 was significantly down-regulated in recurrent prostate cancer patients, suggesting a role for miR-137 in the initiation and progression of prostate cancer.[@cit0008] miR-137 is one of the most commonly down-regulated tumor suppressors in many types of cancer, including ovarian carcinoma, gastric cancer, colorectal cancer and lung cancer.[@cit0009]--[@cit0013] It has also been reported that miR-137 inhibits proliferation and metastasis in hepatocellular carcinoma by targeting the EZH2-STAT3 pathway.[@cit0012] Overexpression of miR-137 inhibits EZH2 and regulates cisplatin resistance in ovarian cancer.[@cit0014] Furthermore, miR-137 mediates tumorigenesis in triple-negative breast cancer by perturbing the BCL11A/DNMT1 interaction.[@cit0011] In particular, miR-137 targets P160 and down-regulates the expression of SRC1 and SRC2, which in turn inhibits cell proliferation in breast cancer, melanoma and prostate cancer.[@cit0015] However, the specific subtype of miR-137 regulating prostate cancer is largely unknown.

The complex molecular events that occur at the level of miR-137-3p and oncogene families during prostate cancer tumorigenesis are still unclear. Herein, we reveal a central role for miR-137-3p down-regulation in the progression of prostate cancer. Additionally, we clarify how miR-137-3p regulates the JNK3/EZH2 signaling pathway to inhibit prostate cancer progression. Finally, the clinical relevance of miR-137-3p/JNK3/EZH2 was observed, which might facilitate the development of early detection and treatment for prostate cancer.

Methods {#s0002}
=======

Materials {#s0002-s2001}
---------

Lipofectamine 2000, FBS, DMEM, RPMI-1640, and Keratinocyte Serum Free Medium (K-SFM) kits were purchased from Thermo Fisher (MA, USA). Antibodies against JNK3 (MAPK10), EZH2, and GAPDH were purchased from Proteintech (Wuhan, China). Goat anti-rabbit and goat anti-mouse antibodies were obtained from Sigma-Aldrich (St. Louis, USA). The following oligos were used in this study: miR-137-3p mimics, sense: 5ʹ-UUAUUGCUUAAGAAUACGCGUAG-3ʹ; antisense: 5ʹ- ACGCGUAUUCUUAAGCAAUAAUU-3ʹ; negative control, sense: 5ʹ- UUCUCCGAACGUGUCACGUTT-3ʹ; antisense: 5ʹ- ACGUGACACGUUCGGAGAATT-3ʹ; and siRNA targeting JNK3, sense1: 5ʹ- GCUUCAUGAUGACUCCAUATT-3ʹ; antisense1: 5ʹ- UAUGGAGUCAUCAUGAAGCTT-3ʹ; sense2: 5ʹ-CCAGGGACUUGUUGUCAAATT-3ʹ; antisense2: 5ʹ- UUUGACAACAAGUCCCUGGTT-3ʹ. All oligos were obtained got from GenePharma Co., Ltd. (Suzhou, China).

Cell Culture {#s0002-s2002}
------------

All prostate cancer cell lines used in this study were obtained from the Cell Bank of the Chinese Academy of Sciences ([<http://www.cellbank.com.cn/index.asp>]{.ul}, Shanghai, China). DU145 (RRID:CVCL_0105) cells were cultured in DMEM supplemented with 10% FBS. RWPE-1 (RRID:CVCL_3791) cells were cultured in K-SFM with BPE and EGF, and LNCAP (RRID:CVCL_0395) and PC-3 (RRID:CVCL_0035) cells were cultured in RPMI-1640 with 10% FBS at 37 °C in 5% CO~2~. All human cell lines had been authenticated using STR profiling within the last three years. All experiments were performed with mycoplasma-free cells.

Western Blotting {#s0002-s2003}
----------------

Western blotting analysis was performed as described previously.[@cit0016] Briefly, 20 µg of cell lysate was loaded onto 10% SDS-PAGE and transferred to nitrocellulose blotting membranes (GE Healthcare, Chicago, IL). The membranes were blotted with primary antibodies against JNK3, Bcl-2, EZH2 and GAPDH separately (1:1000 dilution, 4 °C, overnight). After that, membranes were incubated with secondary antibodies (1:5000) for 1 h at room temperature. Signals were developed using enhanced chemiluminescence (ECL), and the protein bands were visualized using a Tannon Western blotting detection system (Shanghai, China).

Reverse Transcription and Quantitative PCR (RT-qPCR) {#s0002-s2004}
----------------------------------------------------

Total RNA was extracted by TRIzol (Thermo Fisher, Waltham, MA). Then, 1 µg RNA was reverse transcribed using the Super-Script II reverse Transcriptase kit (Thermo Fisher, Waltham, MA). qRT-PCR was performed using the Power SYBR Green Master Mix (Thermo Fisher, Waltham, MA) for 40 cycles. The relative expression of mRNA was calculated as the inverse log of the delta/delta CT; microRNA expression was normalized to U6 expression, while mRNA was normalized to GAPDH. The following primers were used: miR-137 FP (forward primer): 5ʹ-CCATTCATTCGTTATTGCTTAAGA-3ʹ, miR-137 RP (reverse primer): 5ʹ-TATGCTTGTTCTCGTCTCTGTGTC-3ʹ; JNK3 FP: 5ʹ-ACAGAGCCCCTGAGGTCATCCT-3ʹ; JNK3 RP: 5ʹ-GGCGAACCATTTCTCCCATAA-3ʹ; Actin FP: 5ʹ-CGTGGACATCCGCAAAGA-3ʹ; Actin RP: 5ʹ-GAAGGTGGACAGCGAGGC-3ʹ; U6 FP: 5ʹ-ATTGGAACGATACAGAGAAGATT-3ʹ; U6 RP: 5ʹ-GGAACGCTTCACGAATTTG-3ʹ; And GAPDH sense, 5ʹ-ACAACTTTGGTATCGTGGAAGG-3ʹ; GAPDH anti-sense, 5ʹ-GCCATCACGCCACAGTTTC-3ʹ.

Dual-Luciferase Reporter Assay {#s0002-s2005}
------------------------------

For the dual-luciferase reporter assay, DU-145 and PC-3 cells were seeded in 24-well plates and cotransfected 24 h later with PGL-3 control plasmid, wild-type or mutant JNK3 3ʹUTR vector, and miR-137 mimics or control (GenePharma Co., Ltd, Suzhou, China). The cells were harvested 24 h later, and firefly and Renilla luciferase activities were analyzed as previously reported.[@cit0017]

Cell Proliferation and Colony Formation {#s0002-s2006}
---------------------------------------

Cell proliferation was detected using Cell Counting Kit-8 (CCK8, Dojindo, Japan) reagent. The absorbance of each sample after transfection with or without miR-137 was measured at 450 nm. All experiments included at least three tests, and average values were calculated. The colony formation assay protocol was reported previously.[@cit0004] Briefly, 300 prostate cancer cells were seeded per well. Approximately two weeks later, colonies were fixed with 4% formaldehyde and stained with crystal violet (0.5% w/v).

Cell Migration and Invasion {#s0002-s2007}
---------------------------

Cell migration was detected by the wound healing assay, and cells transfected with miR-137-3p or negative control were seeded in 6-well plates. After 24 h, the cell monolayer was gently scratched with a pipette tip across the center of the well and imaged by a Nikon Eclipse Ti system (Tokyo, Japan) after 48 h. Cell invasion assays were performed using cell culture insert membranes coated with diluted Matrigel (BD Biosciences, USA). Briefly, after transfection with miR-137-3p or negative control, 10^6^ cells were seeded in serum-free medium. After 48 h, the cells were fixed with prechilled methanol and stained using 0.5% crystal violet.[@cit0004]

Cell Apoptosis {#s0002-s2008}
--------------

Cells were harvested and suspended in PI and FITC staining solution following the manufacturer's instructions for the Annexin V-FITC Apoptosis Detection Kit (Thermo Fisher). Cell apoptosis was measured on a flow cytometer (BD Biosciences, San Jose, USA).

Fluorescence in situ Hybridization (FISH) {#s0002-s2009}
-----------------------------------------

The probe for miR-137 (5ʹ-CTACGCGTATTCTTAAGCAATAA-3ʹ, underlined bases were modified with locked nucleic acid (LNA) modification) was synthesized and labeled with 6-carboxyfluorescein (FAM) and purified via HPLC (GenePharma, Suzhou, China). Tissue sections were deparaffinized and hybridized overnight at 50 °C with the probe at a concentration of 25 nM as previously described.[@cit0018]

Xenograft Experiments {#s0002-s2010}
---------------------

Tumors were generated by subcutaneous injection of DU-145 cells (10^7^) into the right flanks of 6-week-old male BALB/c nude mice (n=6, Vital River Laboratory Animal Technology Co., Ltd, Beijing, China). The experiment was approved by the animal ethics committee of Soochow University, and procedures were conducted in accordance with the guidelines of the Soochow University Animal Care and Use Committee (IACUC). The mice were monitored for tumor growth twice a week. Tumor volume was calculated as (width^2^ x length)/2 at each time point. When tumors reached 3000 mm^3^, mice were sacrificed, and tumors were collected for molecular analyses and hematoxylin and eosin (H&E) staining as described previously.[@cit0004]

Patient Sample Collection {#s0002-s2011}
-------------------------

Twenty pairs of prostate cancer samples were collected from 2013 to 2018 at the Second Affiliated Hospital of Soochow University ([Table 1](#t0001){ref-type="table"}). Pathological analysis confirmed that all the specimens were human prostate cancer samples and correlated adjacent normal control samples were also analyzed. All of the samples were obtained with informed consent from patients and approval from the Ethics Committee at the authors' institution.Table 1Patient Clinical InformationCharacteristicsNo. of Prostate Cancer PatientsTotal20Gleason score 64 710 86WHO/ISUP Grading System Grade 16 Grade 24 Grade 34 Grade 46Tumor stage I4 II9 III6 IV1

Statistical Analysis {#s0002-s2012}
--------------------

All data described are shown as the mean ± SD. Significance tests were performed using GraphPad Prism 6.0 (GraphPad Inc.). Statistical significance of the differences between groups was calculated using ANOVA or two-tailed Student's *t*-test. For correlation analysis, gene expression was converted to log~10,~ and linear regression was performed by GraphPad Prism 6.0 (GraphPad Inc.). A p value of \<0.05 was considered significant.

Data Availability Statement {#s0002-s2013}
---------------------------

Information for the 18 cohorts of approximately 4850 prostate cancer samples can be found on the website ([<http://www.cbioportal.org/>]{.ul}). Other data will be made available upon reasonable request.

Results {#s0003}
=======

miR-137-3p is Decreased in Prostate Cancer {#s0003-s2001}
------------------------------------------

To identify the role of miR-137-3p in prostate cancer development, we first detected its abundance in 3 prostate cancer cell lines, LNCAP, DU-145 and PC-3. RWPE-1 is a normal epithelial cell line that was used as a negative control. miR-137-3p was found to be significantly down-regulated in PC-3, LNCAP and DU-145 cells compared to RWPE-1 cells ([Figure 1A](#f0001){ref-type="fig"}). Subsequently, we measured the levels of miR-137-3p in 20 pairs of tumor tissues and corresponding adjacent controls using qRT-PCR and FISH. In accordance with the cell line data, miR-137-3p was reduced in tumor samples, suggesting a gradual loss of miR-137-3p during prostate tumorigenesis ([Figure 1B](#f0001){ref-type="fig"} and [C](#f0001){ref-type="fig"}). Among those tumor specimens, miR-137-3p was lower in late stage patient samples (III/IV) than in early stage (I/II) samples ([Figure 1D](#f0001){ref-type="fig"}).Figure 1miR-137-3p is downregulated in prostate cancer. (**A**) Expression of miR-137-3p was analyzed by qRT-PCR in 3 prostate cancer cell lines, and RWPE-1 was used as a normal control. (**B**) miR-137-3p levels were shown to be downregulated in 20 prostate cancer tissues compared to paired normal samples using qRT-PCR. (**C**) The expression of miR-137-3p in normal and prostate cancer tissues was detected by FISH (Gleason score 7). (**D**) miR-137 expression in different clinical stages of prostate cancer (n=20). \*\*p \< 0.01.

miR-137-3p Suppresses Tumor Growth Both in vitro and in vivo {#s0003-s2002}
------------------------------------------------------------

As mentioned above, our hypothesis was that miR-137-3p may act as a tumor suppressor in prostate cancer. To confirm this hypothesis, miR-137-3p mimics were introduced into two prostate cancer cell lines with low expression of miR-137 (PC-3 and DU-145) ([[Figure S1A](https://www.dovepress.com/get_supplementary_file.php?f=256161.doc)]{.ul}). The proliferation rate of the two prostate cancer cell lines was decreased after transfection with miR-137-3p ([Figure 2A](#f0002){ref-type="fig"} and [B](#f0002){ref-type="fig"}). Furthermore, the colony number of prostate cancer cells transfected with miR-137-3p was also decreased, confirming the suppressor role of miR-137-3p in tumor growth ([Figures 2C](#f0002){ref-type="fig"} and [[S1B](https://www.dovepress.com/get_supplementary_file.php?f=256161.doc)]{.ul}). In addition, to evaluate the in vivo function, xenograft models were constructed in male BALB/c nude mice. The results showed that treatment with miR-137-3p dramatically decreased the tumor volume and tumor weight ([Figure 2D](#f0002){ref-type="fig"}--[F](#f0002){ref-type="fig"}). These results both indicate that miR-137-3p may function as a tumor suppressor in human prostate cancer.Figure 2miR-137-3p suppresses prostate cancer tumor growth both in vitro and in vivo. After transfection of miR-137-3p mimics into two prostate cancer cell lines (**A**) and DU-145 cells (**B**), cell proliferation was detected by CCK8 assay at different time points. (**C**) Colony formation assays were performed after transfection with miR-137-3p (48 h). (**D**) Xenograft experiments were performed to confirm the effects of miR-137-3p on tumor growth in vivo. Each group (5 mice) was injected with DU145 (10^7^) cells overexpressing miR-137-3p or scramble control. Tumors were photographed (**E**) and weighed (**F**). \*p \< 0.05, \*\*p \< 0.01.

miR-137-3p Inhibits Tumor Metastasis by Promoting Cell Apoptosis {#s0003-s2003}
----------------------------------------------------------------

To investigate whether miR-137-3p regulates tumor metastasis, cell migration and invasion were measured. Briefly, after transfection of miR-137-3p, the cell monolayer was scratched across the center of the well. The gaps were imaged and indicated that miR-137-3p mimics decreased the migration of the two prostate cancer cell lines ([Figure 3A](#f0003){ref-type="fig"}). Consistent with the migration results, reduced invasion activity after incubation with miR-137-3p was also observed in the Transwell assay ([Figure 3B](#f0003){ref-type="fig"}). These results demonstrate that miR-137-3p inhibits migration and invasion in prostate cancer metastasis.Figure 3miR-137-3p inhibits prostate cancer metastasis and modulates cell apoptosis. After transfection of miR-137-3p mimics or negative control into two prostate cancer cell lines (48 h), (**A**) cell migration was measured by wound healing assay. (**B**) Cell invasion was measured by Transwell assay, and the number of cells in the lower chamber was counted. (**C**) Cell apoptosis was measured after staining with PI & Annexin V. (**D**) The percentage of apoptotic cells was counted. (**E**) Cells were harvested, and Bcl-2 was detected by Western blot. \*\*p\<0.01. Experiments were performed at least in triplicate.

In general, many physiological processes, including cell growth and metastasis, require a balance between cell growth and apoptosis. To determine whether the antitumor function of miR-137-3p is based on apoptosis, a PI and Annexin V staining kit (Thermo Fisher) was applied, and the cells were measured by FACS. As shown in [Figure 3C](#f0003){ref-type="fig"} and [D](#f0003){ref-type="fig"}, the percentage of cell apoptosis in the miR-137 mimic group was markedly increased in both cell lines. Furthermore, miR-137-3p downregulated the protein expression of bcl-2, a key factor in cell apoptosis ([Figure 3E](#f0003){ref-type="fig"}). This specific evidence supports the hypothesis that miR-137-3p regulates tumor metastasis by promoting cell apoptosis.

JNK3 is a Downstream Target of miR-137-3p {#s0003-s2004}
-----------------------------------------

To explore the potential mechanism of miR-137-3p, miRDB, TargetScan and miRbase were used to identify the targets of miR-137-3p ([[Table S1](https://www.dovepress.com/get_supplementary_file.php?f=256161.doc)]{.ul}). Among the predicted genes, JNK3 (MAPK10), which may regulate tumor growth, metastasis and apoptosis, was further confirmed by the dual-luciferase reporter assay. Reporter vectors that had either a wild-type or mutant 3ʹUTR of JNK3 were constructed ([Figure 4A](#f0004){ref-type="fig"}). Luciferase activity was reduced in the miR-137-3p plus wild-type JNK3 3ʹUTR group in both PC-3 and DU-145 cells. However, the effect was abolished in the mutant group ([Figure 4B](#f0004){ref-type="fig"} and [C](#f0004){ref-type="fig"}). To further confirm the posttranscriptional regulation of JNK3 by miR-137-3p, JNK3 protein levels were measured after transfection. The results indicated that miR-137-3p significantly reduced JNK3 protein levels ([Figure 4D](#f0004){ref-type="fig"}). Finally, we measured the protein level of JNK3 in xenograft samples transfected with mimics or miR-137-3p. As shown in [Figure 4E](#f0004){ref-type="fig"} JNK3 was also reduced in the miR-137-3p treatment group compared with the mimic control group.Figure 4miR-137-3p directly targets JNK3. (**A**) miR-137-3p-binding sites located on the 3ʹUTR of JNK3 mRNA and the wild-type or mutant site of JNK3 3ʹUTR were cloned into the pmirGLO plasmid. (**B**) and (**C**) miR-137-3p mimics or scramble control and wild-type or mutant JNK3 3ʹUTR were cotransfected into PC-3 or DU145 cells. miR-137-3p reduced luciferase activities in prostate cancer cells transfected with the wild-type 3ʹUTR but did not alter luciferase activities in cells transfected with the mutant JNK3 3ʹUTR. (**D**) Western blotting was performed after transfecting cells with miR-137-3p mimics or control, and (**E**) JNK3 protein levels were detected in xenograft samples. \*\*p\<0.01 compared to the corresponding controls.

JNK3 is Overexpressed in Prostate Cancer Cells and Tissues {#s0003-s2005}
----------------------------------------------------------

To further explore the expression of JNK3 in prostate cancer and the relationship between JNK3 and miR-137-3p, we measured the expression of JNK3 in prostate cancer cell lines and 20 pairs of patient samples. The mRNA and protein levels of JNK3 in prostate cancer cells were higher than those in RWPE-1 cells ([Figure 5A](#f0005){ref-type="fig"} and [B](#f0005){ref-type="fig"}), which was negatively correlated with miR-137-3p. Similarly, we also measured JNK3 mRNA and protein levels in clinical samples by qPCR and IHC separately. As predicted, JNK3 mRNA and protein were both up-regulated in tumor tissues compared to normal controls ([Figure 5C](#f0005){ref-type="fig"} and [D](#f0005){ref-type="fig"}). Interestingly, JNK3 was found to be expressed in prostate cancer tissues but not in normal tissues, indicating that JNK3 can serve as a tissue-specific biomarker. In addition, JNK3 mRNA was negatively correlated with miR-137-3p, confirming that miR-137-3p negatively regulates JNK3 ([Figure 5E](#f0005){ref-type="fig"}).Figure 5The JNK3 level is highly expressed and negatively correlated with miR-137-3p in both prostate cancer cell lines and tissues. The mRNA and protein levels of JNK3 in prostate cancer cell lines were detected by qRT-PCR (**A**) and Western blotting (**B**). qRT-PCR was used to analyze the expression of JNK3 in 20 paired prostate cancer tumors and adjacent controls (**C**). (**D**) JNK3 protein levels were measured by IHC. (**E**) The expression of JNK3 was negatively correlated with miR-137-3p in prostate cancer samples. \*p\<0.05, \*\*p\<0.01.

JNK3 Modulates Tumorigenesis of Prostate Cancer {#s0003-s2006}
-----------------------------------------------

Next, we measured the effects of JNK3 knockdown by siRNAs on biological processes in both PC-3 and DU-145 cells. JNK3 expression was detected via qRT-PCR and Western blot ([Figure 6A](#f0006){ref-type="fig"} and [B](#f0006){ref-type="fig"}). As we can see, depletion of JNK3 reduced JNK3 levels along with suppressed cell growth ([Figure 6C](#f0006){ref-type="fig"} and [D](#f0006){ref-type="fig"}) and metastasis ([Figure 6E](#f0006){ref-type="fig"} and [F](#f0006){ref-type="fig"}) in the two prostate cancer cell lines. Moreover, we further evaluated the function of JNK3 in apoptosis. As shown in [Figure 6G](#f0006){ref-type="fig"}, the percentage of apoptotic JNK3 knockdown cells was dramatically inhibited compared to that in the negative control. These results indicate that JNK3 is an oncogene and a potential treatment target in human prostate cancer.Figure 6JNK3 regulates the tumorigenesis of prostate cancer cells. JNK3 was knocked down by two separate siRNAs in two prostate cancer cell lines. After 48 h, the expression of JNK3 was detected by qRT-PCR (**A**) and Western blot (**B**). Cell growth was measured by CCK8 assay in PC-3 (**C**) and DU145 cells (**D**). Cell migration was detected by wound healing assay (**E**). Cell invasion was detected by Transwell assay (**F**). Cell apoptosis was measured by FACS (**G**). \*p\<0.05, \*\*p\<0.01 compared to the corresponding controls.

JNK3 Regulates EZH2 and is a Potential Prognostic Factor in Prostate Cancer {#s0003-s2007}
---------------------------------------------------------------------------

As previously reported, miR-137-3p was found to regulate cell apoptosis and suppress EZH2 expression.[@cit0012],[@cit0019] EZH2 is overexpressed in metastatic prostate cancer and acts as an epigenetic-driven gene.[@cit0020] Additionally, a relationship between MAPK and EZH2 was further validated.[@cit0021] Therefore, we aimed to test the hypothesis that JNK3 regulates EZH2. To this end, we detected the expression of EZH2 after depletion of JNK3 in prostate cancer ([Figure 7A](#f0007){ref-type="fig"}). The results indicated that EZH2 expression but not phosphorylation of EZH2 (Thr 311) was down-regulated after knockdown of JNK3. Furthermore, we overexpressed JNK3 in LNCAP cells, and as shown in [Figure 7B](#f0007){ref-type="fig"}, overexpression of JNK3 promoted EZH2 expression. Moreover, EZH2 was positively correlated with JNK3 in prostate cancer samples ([Figure 7C](#f0007){ref-type="fig"}). Consistent with the expression of JNK3, the EZH2 protein level was also higher in cancer tissues than in adjacent controls ([Figure 7D](#f0007){ref-type="fig"}). We further analyzed TCGA data for EZH2 expression in 550 prostate cancer patients ([<https://tcga.xenahubs.net/download/TCGA.PRAD.sampleMap/HiSeqV2.gz>]{.ul}). These results indicate that JNK3 modulates tumorigenesis by regulating EZH2 in prostate cancer ([Figure 7E](#f0007){ref-type="fig"}).Figure 7JNK3 modulates EZH2 expression and can serve as a prognostic biomarker. (**A**) After knockdown of JNK3 for 48 h in two prostate cancer cell lines, EZH2 and p-EZH2 (Thr 311) were detected by Western blot. (**B**) JNK3 was overexpressed in LNCAP cells, which in turn promoted EZH2 expression. (**C**) EZH2 positively correlated with JNK3 in prostate cancer clinical samples (n=20). (**D**) EZH2 protein expression was higher in prostate cancer tumor samples than in adjacent controls (Gleason score 7). (**E**) TCGA data for EZH2 in prostate cancer samples were analyzed (n =550). (**F**) Patients with high JNK3 and EZH2 expression had worse outcomes (high expression: 30, low expression: 1445). Each group was compared to the corresponding controls (one-way ANOVA).

We subsequently evaluated the role of the JNK3/EZH2 pathway in prostate cancer using 18 validation cohorts consisting of 4850 samples ([<http://www.cbioportal.org/>]{.ul}). We found that the frequency of alterations in JNK3 and EZH2 was significantly increased in most of the categories (10/18 and 12/18, respectively). Among these alterations, JNK3 and EZH2 were overexpressed in prostate cancers ([[Figure S2A and S2B](https://www.dovepress.com/get_supplementary_file.php?f=256161.doc)]{.ul}). Furthermore, we analyzed the survival of patients with JNK3/EZH2 alterations. The survival rate of the JNK3/EZH2 alteration (high expression) group was significantly worse than the rate observed in the non-alteration (low expression) group ([Figure 7F](#f0007){ref-type="fig"}), suggesting that JNK3/EZH2 amplification predicts a worse outcome of prostate cancer patients.

Discussion {#s0004}
==========

Prostate cancer is a common cancer in men, and its incidence is on the rise in many countries. There are several risk factors for this disease, including genetic factors, external exposure, urinary infections, smoking, diet, weight, endogenous hormones and physical activity.[@cit0001] The tumorigenesis of prostate cancer is a complex process beginning with many genetic changes through its progression to malignancy. Accumulated evidence has indicated that miRNAs play indispensable roles in prostate cancer progression.[@cit0022],[@cit0023] Furthermore, miRNAs can be used as clinical biomarkers and treatment targets.[@cit0024]--[@cit0026] The identification of miRNAs is relevant to these cancer processes and will greatly facilitate the understanding of cancer biology. To this end, many studies have been carried out with the aim of fully understanding the role of miRNAs in cancer cells. As previously reported, miR-137 was confirmed to target KDM4A and functions as a key mediator inhibiting cancer growth, migration and invasion.[@cit0027] In addition, miR-137 plays a key role in several cancer types, including hepatocyte carcinoma, triple-negative breast cancer and ovarian cancer.[@cit0011],[@cit0012],[@cit0014],[@cit0015] miR-137 was also demonstrated to be overexpressed in recurrent prostate cancer and regulates NOX4.[@cit0008],[@cit0028] However, miR-137 has two subtypes: miR-137-5p and miR-137-3p. The exact subtype and role of miR-137 in the tumor progression of prostate cancer is largely unknown. In this study, we first investigated whether miR-137-5p or miR-137-3p was altered in prostate cancer cells and tissues. By using qRT-PCR, we found that miR-137-3p was decreased in prostate cancer cells ([Figure 1A](#f0001){ref-type="fig"}), while miR-137-5p was not (data not shown). Furthermore, miR-137-3p affected the tumorigenesis of prostate cancer. Cell proliferation, colony formation, migration and invasion were all assayed after transfection with miR-137 mimics. Among these phonotypes, we demonstrated that miR-137-3p suppressed tumor cell growth both in vitro and in vivo ([Figure 2](#f0002){ref-type="fig"}). An interesting result is that miR-137-3p inhibits tumor growth in androgen receptor (AR)-negative xenografts (DU-145 cells) but not in AR-positive xenografts (LNCAP cells, data not shown). This difference may be caused by the complicated network involving miR-137 and AR.[@cit0029] Furthermore, inhibited cell growth may not be a result of reduced migration according to the tumor dormancy hypothesis.[@cit0030] In addition, the expression of miR-137-3p was associated with tumor stage and PSA level (data not shown), which is a good supplementary marker in the clinic.

Next, we confirmed that miR-137-3p regulates JNK3 by binding to its 3ʹUTR via a luciferase reporter assay. qRT-PCR and Western blotting also validated the direct interaction between JNK3 and miR-137 in prostate cancer cell lines. These results connect miR-137-3p to the regulatory pathway of JNK3 ([Figure 3](#f0003){ref-type="fig"}). In particular, miR-137 could regulate NOX4, P160 and TRIM24, which also play important roles in prostate cancer. These data indicate that miR-137-3p regulates several genes and suppresses tumor growth in prostate cancer.

It is known that JNK3 (MAPK10) is a member of the c-Jun N-terminal kinases, which are part of the mitogen-activated protein kinase family. JNK, p38 and ERK are signal transducers involved in a broad range of cell functions, including survival, apoptosis and cell proliferation in prostate cancer.[@cit0031],[@cit0032] The earliest discoveries identified three mammalian JNK genes, namely, JNK1, JNK2, and JNK3. The products of JNK1 and JNK2 are expressed in almost all cell types and tissues, whereas JNK3 is localized primarily in the brain, heart and testis. Interestingly, in our study, JNK3 was also found to be expressed in prostate cancer cells but not in normal prostate cells, indicating that it can serve as a tissue-specific biomarker. Knockdown of JNK3 in two prostate cell lines also suppressed tumor growth, migration and invasion, suggesting an oncogenic role for JNK3. Many previous reports have revealed that JNK phosphorylates the EZH2 protein and contributes to cell death and apoptosis.[@cit0033],[@cit0034] However, in our study, there was no significant change in EZH2 phosphorylation after JNK3 knockdown. Rather, we found that depletion of JNK3 decreased EZH2 in prostate cancer cells ([Figure 7](#f0007){ref-type="fig"}).

In addition, bioinformatics results revealed that both JNK3 and EZH2 were overexpressed in 18 clinical patient cohorts (n=4850). Among these cohorts, JNK3/EZH2 amplification predicted a worse outcome of prostate cancer patients, suggesting the prognostic role of these genes in prostate cancer. Moreover, JNK3 expression was found to be negatively correlated with miR-137-3p levels in our clinical tissues, which further confirmed the linkage between miR-137-3p and JNK3.

Conclusions {#s0005}
===========

Overall, the identification of interactions between miR-137-3p and JNK3/EZH2 in this study enhances our understanding of the relationship between miRNAs in prostate cancer. miR-137-3p suppresses the tumorigenesis of prostate cancer by regulating the JNK3/EZH2 pathway. JNK3 promotes prostate cancer cell growth, migration and invasion. Furthermore, these findings indicate that the miR-137-3p/JNK3 signaling cascade plays important roles in the regulation of prostate cancer. These discoveries might also facilitate the development of biomarkers for the early detection and treatment of prostate cancer.
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